Objective: Weaning-induced pulmonary edema is a cause of weaning failure in high-risk patients. The diagnosis may require pulmonary artery catheterization to demonstrate increased pulmonary artery occlusion pressure (PAOP) during weaning. Transthoracic echocardiography can estimate left ventricular filling pressures using early (E) and late (A) peak diastolic velocities measured with Doppler transmitral flow, and tissue Doppler imaging of mitral annulus velocities including early (Ea) peak diastolic velocity. We tested the hypothesis that E/A and E/Ea could be used to detect weaning-induced PAOP elevation defined by a PAOP >18 mm Hg during a spontaneous breathing trial (SBT).
T he cardiovascular consequences of abrupt transfer from mechanical ventilation to spontaneous breathing could be responsible for weaning failure, particularly in patients with left heart disease (1) (2) (3) . Accordingly, cardiogenic pul-monary edema and myocardial ischemia were reported to abruptly occur during weaning from mechanical ventilation in patients with pre-existing cardiac disease (1, 4 -7) .
Because the clinical presentation is often nonspecific (intolerance to spontaneous breathing), recognition of weaninginduced pulmonary edema is difficult and may require pulmonary artery catheterization for analyzing the response of pulmonary artery occlusion pressure (PAOP) to a spontaneous breathing trial (SBT) (1, 8) . Doppler echocardiography is increasingly used at the bedside for assessing the diastolic function of the left ventricle (9 -11) and, therefore, could be a noninvasive tool for detecting weaning-induced left ventricular filling pressure elevation. The analysis of transmitral flow allows measuring the peak Doppler velocities of early (E) and late diastolic flow (A). The E/A ratio has been proposed to estimate the left ventricular filling pressure (12, 13) . Tissue Doppler imaging enables one to measure the early diastolic mitral annular velocity (Ea), which was shown to be a load-independent measure of myocardial relaxation (14) . The combination of tissue Doppler imaging and pulsed Doppler transmitral flow allows calculating the E/Ea ratio, which is considered one of the best echocardiographic estimates of left ventricular filling pressure (9 -11, 14 -19) .
The aim of our study was to answer the question: can transthoracic echocardiography (TTE) be reliably used for diagnosing weaning-induced left ventricular filling pressure elevation? To this end, we focused on the ability of diastolic filling Doppler-derived variables (E/A and E/Ea) measured at the end of an SBT to diagnose weaning-induced PAOP elevation, defined as a value of PAOP above 18 mm Hg during the SBT.
MATERIALS AND METHODS
The Ethics committee of the Société de Réanimation de Langue Française approved the study and considered it as part of routine practice. The written informed consent was waived, but all patients gave their oral informed consent before entering the study.
Patient Population. We studied patients 1) who had all of the following criteria for weaning from mechanical ventilation (3): adequate cough, absence of excessive tracheobronchial secretion, resolution of the acute episode for which the patient was intubated, stable cardio-vascular status (heart rate Յ120/min, systolic blood pressure Ͼ90 mm Hg and Ͻ160 mm Hg), stable metabolic status, adequate oxygenation (PaO 2 /FIO 2 Ն150, positive end-expiratory pressure Յ8 cm H 2 O), adequate pulmonary function (respiratory rate Յ35/min, tidal volume Ͼ5 mL/kg, no significant respiratory acidosis), no sedation or stable neurologic status, 2) who failed two consecutive SBTs although there was no obvious cause of weaning failure, and 3) for whom the attending physician decided to insert a pulmonary arterial catheter to determine whether there was a cardiac origin of the weaning failure. Patients were excluded if they had severe mitral regurgitation, mitral stenosis, mitral prosthesis, atrial fibrillation, or myocardial ischemia. The SBT was defined as failed if, during the test, at least one of the following signs appears: diaphoresis, use of accessory respiratory muscles, worsening of discomfort, respiratory rate Ն35/min, pulse oxygen saturation Յ90%, heart rate Ն140/min, and systolic arterial pressure Ն180 mm Hg.
Invasive Pressure Measurements. Pressure and flow transducers were carefully calibrated before starting the measurements. Right atrial pressure, pulmonary artery pressure (PAP), and PAOP were measured at end expiration through a pulmonary artery catheter (7.5F, Edwards Lifescience, Irvine, CA). The zero pressure was measured at atmospheric pressure at the midaxillary line. Criteria for adequate PAOP measurements were an endexpiratory PAOP value less than the endexpiratory diastolic PAP value, and a similar increase during inspiration of both PAOP and diastolic PAP validating that the occluded pulmonary artery catheter tip was not in segments of the lung reflecting zone 1 or zone 2 conditions (20) . Three consecutive measurements of PAOP were obtained at the end of the expiratory period, and the average value was recorded. Cardiac output was measured using the continuous thermodilution method. Stroke volume was calculated by dividing cardiac output by heart rate and indexing to the body surface area. The mixed venous oxygen saturation (SvO 2 ) was measured after blood sampling in the pulmonary artery.
The systolic arterial pressure, diastolic arterial pressure, and mean arterial pressure were measured using an artery catheter. Heart rate was taken from the electrocardiogram tracing displayed on the hemodynamic monitor.
Echocardiography and Doppler. The echocardiographic examination was performed using a transthoracic ultrasound device (EnVisor, Philips, Andover, MA), equipped with the tissue Doppler imaging program and a phased array transducer of 2.5 MHz. Echocardiographic images were recorded together with the electrocardiogram. All measurements were recorded on paper at a speed of 100 mm/sec and were stored digitally in the hardware for later playback and analysis. The average of five measurements was used for the analysis. Image recordings and off-line analy-sis were carried out by a physician who had performed Doppler echocardiography for Ͼ2 years and who was blinded to all bedside variables, hemodynamic data, and clinical outcomes. Pulsed Doppler was used to record transmitral flow in the apical four-chamber view. Mitral inflow was recorded, as previously described (21) . The E and A waves were measured, and the E/A ratio was computed. The tissue Doppler imaging of the mitral annulus was obtained from the apical four-chamber view, as previously described (14) . A 1.5-mm sample volume was placed at the lateral mitral annulus, and the Ea peak velocity was measured. The E/Ea was then computed.
The left ventricular end-diastolic volume and the left ventricular end-systolic volume were measured using biplane Simpson's method from the apical two-and fourchamber views. The left ventricular ejection fraction was computed as (left ventricular enddiastolic volume Ϫ left ventricular end-systolic volume)/left ventricular end-diastolic volume and expressed as a percentage (22) .
Arterial Blood Gas. Arterial oxygen tension (PaO 2 ), carbon dioxide tension (Paco 2 ), pH, and arterial oxygen saturation (SaO 2 ) were measured after blood sampling in the radial artery.
Study Design. An SBT was performed over a maximum of 1-hour period using a T-piece. The SBT was stopped if the patient did not tolerate spontaneous breathing. A first set of hemodynamic, blood gas, and echocardiographic measurements was collected at baseline before the SBT while the patient was in a semirecumbent position (45 degree). A second set of measurements was collected at the end of the SBT just before reconnecting the patient to the ventilator. The decision to stop the SBT was taken by the attending physician according to the criteria previously detailed, regardless of the changes in PAOP. The attending physician was blinded to the TTE data.
Statistical Analysis. Continuous data are presented as mean Ϯ SD and categorical data as numbers. Receiver operating characteristic curves were constructed to determine optimal sensitivity and specificity of the values of E/A and E/Ea obtained at the end of the SBT for predicting a weaning-induced PAOP elevation. The best cutoff values of E/A and E/Ea were then taken into consideration to calculate the sensitivity and the specificity of the combination of these two values to predict the weaning-induced PAOP elevation. The area under the receiver operating characteristic curves (ϮSE) for E/A at the end of the SBT and E/Ea at the end of the SBT was compared in all patients using the Hanley-Mc Neil test. The positive and negative likelihood ratios for the diagnosis of weaning-induced PAOP elevation were also calculated. We also compared baseline measurements between patients who exhibited weaning-induced PAOP elevation and patients who did not, using a nonparametric Mann-Whitney U test. For each subgroup, a nonparametric Wilcoxon's rank sum test was used to compare measurements collected before and at the end of the SBT.
Interobserver variability was assessed in ten randomly selected sets of measurements of E/A and E/Ea by calculating the ratio (expressed as a percentage) of the difference between the values obtained by each observer (expressed as absolute value) divided by the mean of the two values. Each value (obtained by each observer) was the average of three to five consecutive measurements. The intraobserver variability was calculated using a similar approach.
A p value of Ͻ0.05 was considered statistically significant. The statistical analyses were performed using the Medcalc 9.2.1.0 Software (Mariakerke, Belgium).
RESULTS
General Characteristics. Thirty-nine patients were included. The mean age was 64 Ϯ 15 years. Reasons for admission were acute respiratory failure (17 patients), shock (17 patients), and coma (5 patients). Twenty patients had a history of left heart disease and seven of them had a left ventricular ejection fraction Ͻ50% at baseline. The prevalence of hypertrophic cardiomyopathy was 25% in patients with weaning-induced PAOP elevation. None of the patients of the other group had evidence of hypertrophic cardiomyopathy. Thirteen patients had a previous chronic obstructive pulmonary disease. The prevalence of patients with a history of chronic obstructive pulmonary disease was similar in the two groups (46% in patients with weaning-induced PAOP elevation and 54% in patients without weaning-induced PAOP elevation, p ϭ 0.87).
Seventeen patients exhibited a weaning-induced PAOP elevation. Before the SBT, four of them were ventilated with pressure support (inspiratory pressure level: 18 Ϯ 3 mm Hg, end-expiratory pressure: 6 Ϯ 1 mm Hg), and the 13 others were ventilated in the assistcontrolled mode (tidal volume: 508 Ϯ 106 mL, end-expiratory pressure: 5 Ϯ 1 mm Hg). Twenty-two patients did not exhibit weaning-induced PAOP elevation because their PAOP did not reach 18 mm Hg at the end of the SBT. Before the SBT, seven of them were ventilated with pressure support (inspiratory pressure level: 17 Ϯ 3 mm Hg, end-expiratory pressure: 7 Ϯ 2 mm Hg), and the remaining 15 were ventilated in the assist-controlled mode (tidal volume: 435 Ϯ 52 mL, endexpiratory pressure: 5 Ϯ 2 mm Hg). The duration of mechanical ventilation before inclusion was similar in patients who in-creased their PAOP above 18 mm Hg during the SBT and patients who did not (12 Ϯ 9 vs. 13 Ϯ 11 days).
Influence of the SBT on the Main Respiratory and Hemodynamic Variables. Baseline and weaning-induced changes in hemodynamic variables are given in Table 1 . There were no statistically significant differences between the two groups at baseline before the SBT. In patients with weaning-induced PAOP elevation, compared with baseline values, heart rate, systolic arterial pressure, mean arterial pressure, PAP, PAOP, right atrial pressure, E/A, E/Ea, respiratory rate, and Paco 2 were higher at the end of the SBT, whereas pH, PaO 2 , SaO 2 , and SvO 2 were lower ( Table 1 ). In patients without weaning-induced PAOP elevation, compared with baseline values, mean arterial pressure, respiratory rate, and Paco 2 were higher at the end of the SBT, whereas pH, PaO 2 , and SaO 2 were lower ( Table 1) . Compared with the patients without weaninginduced PAOP elevation, the patients with weaning-induced PAOP elevation had higher PAOP, E/A, E/Ea, systolic arterial pressure, systolic PAP, diastolic PAP, and right atrial pressure, and a lower SvO 2 at the end of the SBT ( Table 1) .
Outcome of the SBT. The duration of the SBT was 35 Ϯ 22 minutes and 50 Ϯ 10 minutes in patients with and without weaning-induced PAOP elevation, respectively (p Ͻ 0.05). A significantly larger proportion of patients with weaninginduced PAOP elevation than without weaning-induced PAOP elevation failed the SBT (100% vs. 64%, respectively). Patients who completed the SBT were successfully extubated after the SBT. On the day of the SBT, the cumulative fluid balance was similar in patients with and without weaning-induced PAOP elevation (Ϫ408 Ϯ 1481 mL vs. 126 Ϯ 1395 mL, p ϭ 0.52). Fourteen of the 17 patients with weaning-induced PAOP elevation received diuretics after the SBT and 13 patients were extubated after 4 Ϯ 1 days. In patients without PAOP elevation who failed the SBT, the weaning failure was attributed to the severity of the chronic respiratory failure in two patients, to an underlying pneumonia in five patients, to a neuromyopathy in four patients, to atelectasis in one patient, to excessive tracheobronchial secretion in one patient, and remained unknown in one patient. Twelve of those 14 patients were extubated after 4 Ϯ 5 days. The cumulative fluid balance between the time the study measurements were made and the time patients successfully completed the SBT was similar in case of the presence or absence of weaning-induced PAOP elevation at the time of the study measurements (Ϫ2596 Ϯ 2608 mL vs. Ϫ849 Ϯ 2780 mL, p ϭ 0.13).
Ability of E/A and E/Ea at the End of the SBT to Detect a Weaning-Induced PAOP Elevation.
A value of E/A Ͼ0.95 at the end of the SBT predicted weaninginduced PAOP elevation with a sensitivity of 88%, a specificity of 68%, a negative predictive value of 88%, and a positive predictive value of 68%. This cutoff provided a positive likelihood ratio value of 2.75 and a negative likelihood ratio value of 0.18. A value of E/Ea Ͼ8.5 at the end of the SBT predicted weaning-induced PAOP elevation with a sensitivity of 94%, a specificity of 73%, a negative predictive value of 94%, and a positive predictive value of 73% (Fig. 1) . This cutoff provided a positive likelihood ratio value of 3.48 and a negative likelihood ratio value of 0.08. The area under the receiver operating characteristic curve for E/A at the end of the SBT (0.83 Ϯ 0.07) was similar to that for E/Ea at the end of the SBT (0.80 Ϯ 0.07). At the end of the SBT, the combination of E/A Ͼ0.95 and E/Ea Ͼ8.5 predicted a weaning-induced PAOP elevation with a sensitivity of 82%, a specificity of 91%, a negative predictive value of 87%, and a positive predictive value of 88% (Fig. 2) . The positive likelihood ratio value was 9.11 and the negative likelihood ratio value was 0.18. Thus, only the combination of E/A and E/Ea led to a clinically useful increase in the probability of weaning-induced PAOP elevation when the test was positive. Every test (E/A, E/Ea, or the combination) was good at decreasing the probability of weaninginduced PAOP elevation when the test was negative.
For E/A measurements, the interobserver variability was 7.0% Ϯ 4.1% and the intraobserver variability was 4.4% Ϯ 3.5%. For E/Ea measurements, the interobserver variability was 6.9% Ϯ 6.4% and the intraobserver variability was 4.7% Ϯ 2.5%.
DISCUSSION
The major finding of this study is that the combination of E/A Ͼ0.95 and E/Ea Ͼ8.5 at the end of the SBT accurately predicted a weaning-induced PAOP elevation. It is, thus, suggested that weaninginduced PAOP elevation be noninvasively detected in patients submitted to an SBT.
Weaning-induced pulmonary edema is the cause of weaning failure in predisposed patients, particularly in those with pre-existing cardiac disease (1, 2) . The mechanisms by which weaning-induced pulmonary edema develops are complex and include the reduction of intrathoracic pressure, the increase in work of breathing, and the catecholamine discharge that may occur during weaning (1, 2, 23) . Reduction of intrathoracic pressure tends to increase systemic ve-nous return pressure gradient and central blood volume (2) . It also tends initially to decrease the pressure gradient between the left ventricle and the extrathoracic arteries. Consequently, the left ventricle must generate a higher pressure to eject the same volume of blood from the thorax, with a resulting augmentation of left ventricular afterload (2) . A large increase in work of breathing may increase cardiac work and myocardial oxygen demand (2) . The increased adrenergic tone may also increase venous return, left ventricular afterload, cardiac work, and myocardial oxygen demand and may thus potentially result in myocardial ischemia (1, 23) . In patients with pre-existing right ventricular disease, a weaning-induced increase in right ventricular afterload may occur because of hypoxemia or worsening of intrinsic positive end-expiratory pressure (3) . This phenomenon together with the simultaneous increase in systemic venous return may lead to a marked right ventricular enlargement during weaning, thus impeding the diastolic filling of the left ventricle through a biventricular interdependence mechanism (1, 2) . In summary, cardiogenic pulmonary edema can occur during weaning because of either increase in left ventricular preload and/or decrease in left ventricular compliance (myocardial ischemia, biventricular interdependence) and/or increase in left ventricular afterload.
Because the clinical presentation of weaning-induced cardiac dysfunction is often nonspecific, pulmonary artery catheterization and the response of PAOP to an SBT may be required (8) . In this study, weaning-induced pulmonary edema was suspected in 17 of the 39 patients on the basis of a value of PAOP Յ18 mm Hg at the end of the SBT associated with intolerance to spontaneous breathing. In this subgroup, PAOP increased significantly from 12 Ϯ 4 to 26 Ϯ 5 mm Hg. These findings were in line with those reported by Lemaire et al (1), who first described acute left ventricular dysfunction in patients who failed to wean.
Our study showed that noninvasive assessment of the left ventricular filling pressure using TTE could be a good alternative approach for diagnosing weaning-induced pulmonary edema. We tested the ability of the E/Ea and E/A ratios to diagnose weaning-induced PAOP elevation because these variables have been previously shown to correlate with left ventricular filling pressure in cardiac or critically ill patients (10, 12-16, 18, 19, 24, 25) . The E/Ea is considered to be one of the best echocardiographic estimates of the left ventricular filling pressure because Ea is assumed to be preload independent, thus allowing corrections for the influence of left ventricular relaxation on the E velocity (26) . In a recent study in critically ill patients, a value of E/Ea Յ8 was reported to predict a PAOP Յ18 mm Hg with a sensitivity of 83% and a specificity of 88% (25) . However, in our study, measurements were made under stressed rather than resting conditions, and the value of E/Ea at the end of the SBT predicted a PAOP Ն18 mm Hg at the end of the SBT only fairly well. Similarly, at the end of the SBT, the value of E/A predicted a PAOP Ն18 mm Hg only fairly well. This result was consistent with the weak correlations between PAOP and E/A found in studies including critically ill patients (18, 19, 24, 25) , particularly with normal left ventricular ejection fraction (19, 25) . The major finding of this study was that at the end of the SBT, the combination of E/A Ͼ0.95 and E/Ea Ͼ8.5 predicted a PAOP Ն18 mm Hg with good sensitivity (82%) and specificity (91%), whereas the cutoff value of either E/A alone or of E/Ea alone had a weak specificity (68% and 73%, respectively). It is noteworthy that both E/A and E/Ea are obtained from the same apical four-chamber view. In the context of weaning failure in which a complete echocardiographic examination cannot be performed, accurately diagnosing a weaning-induced PAOP elevation from a single transthoracic view represents a great advantage.
Potential limitations of the study must be discussed. For defining weaning failure from cardiac origin, we chose the classic cutoff PAOP value of 18 mm Hg (27) . However, we did not measure esophageal pressure to assess a transmural value of PAOP, which could be lower than the measured PAOP at end expiration in patients experiencing an active contraction of the respiratory muscles. Indeed, we felt it unreasonable to insert an esophageal probe into a conscious difficult-to-wean patient who was trying to breathe spontaneously. In addition, the stress caused by such a discomfort could result in additional hemodynamic derangements and thus overestimation of the diagnosis of weaning-induced pulmonary edema. In all but two patients with weaning-induced PAOP elevation, PAOP was Ն21 mm Hg at the end of the SBT, so it is likely that transmural PAOP was Ն18 mm Hg in the vast majority of patients of this group. Nevertheless, we cannot exclude the possibility that a few patients were misclassified.
Our population was highly selected because the patients must have failed two consecutive SBTs before being included in the study. This may have accounted for the relatively high percentage (44%) of patients with weaning-induced PAOP elevation. It must be underlined, however, that in the study by Jubran et al (28) , all the patients who failed to wean exhibited an increase in PAOP above 18 mm Hg during the SBT, whereas none of the patients who succeeded to wean exhibited such a PAOP elevation. In agreement with the study by Jubran et al (28) , we also found that SvO 2 did not change in the group of patients without weaninginduced PAOP elevation, whereas it fell in the group of patients with weaninginduced PAOP elevation. As suggested by Jubran et al (28) , this latter result was probably explained by an insufficient increase in oxygen transport to meet the global oxygen demand. This indirectly confirms that an abnormal cardiac response to weaning contributed to weaning failure in patients with weaninginduced PAOP elevation, and that the PAOP elevation was not only secondary to active respiratory muscles contraction.
A multitude of echocardiographic indexes was previously sought to correlate with the left ventricular filling pressure (10, 11, 19, 25) . In this specific context of weaning failure in which a rapid evaluation is required, we aimed at testing only two of the most clinically used indices (E/A and E/Ea) that are both easily obtained from only one echocardiographic window. However, we cannot exclude that other echocardiographic indexes perform as well as mitral Doppler-derived indexes for diagnosing weaning-induced PAOP elevation. Because patients with atrial fibrillation and mitral valvulopathy were excluded, our findings cannot be extrapolated to these specific categories of patients.
Given that we did not attempt to estimate transmural PAOP, our study was not designed to elucidate the mechanisms (preload or afterload elevation, myocardial ischemia, biventricular interdependence, etc.) that predominantly contributed to weaning failure from cardiac origin, as it was previously done by Lemaire et al (1) .
We obtained good quality imaging with TTE in all of our patients. This is now the general case in the intensive care units using the new generations of TTE imaging equipments (29) , although there are still individuals with poor echogenicity in whom this technique cannot be reliably used. We acknowledge, however, that echocardiography is an operatordependent technique that requires a long training period to be skilled enough to obtain reliable measurements of Doppler variables.
